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SUMMARY 



An investigation of the damping characteristics of 
dashpots vas carried out .conMning theory and experiment. 
Laminar flow was assumed and three equations for the 
steady Telocity of a piston moving in a cylinder filled 
with liquid were derived. In the first equation, the pis- 
ton was assumed coaxial in the cylinder and, in the second 
equation, the piston was assumed eccentric in the cylinder 
with an element of the piston. in contact with the cylinder 
wall. The third equation is for a piston of circular cross 
section in an elliptical cylinder. Exporimonts showed that 
the piston is normally eccontric in tho cylinder. Tho pis- 
tons tcstod were 1.25 and 2 inches in diamotor, 0,063 to 
1»00 inch long, and tho clearances varied from 1.38 to 
5.16 x 10~ 3 inch. Tho difference in pressure on tho two 
sides of tho piston varied from about 2 to 65 pounds por 
square inch. Tho piston velocities for each assembly woro 
measured with damping liquids of throe different viscosi-_ 
t i o s . 

At high piston velocities, when turbulont fl-ow exists, 
tho observed velocities woro much lower than the velocities 
calculated on tho "basis of laminar flow. Results for a 
wide rango of Reynolds numbers aro presented in graphical 
form. 

INTRODUCTION 



Tho simple dashpot , which is a piston in a cylindor 
filled with liquid that must pass through tho clearance 
when there is rolative motion "between tho piston and tho 
cylindor, has apparently "been neglected in technical lit- 
erature. Data on the damping coefficient in tho common 
differential equation for damped vibrations of a system in- 
cluding a dashpot aro singularly lacking. Tho need for 
these data, in order to dosign " dashpot s . intelligently , 
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prompted the National Advisory Oonnittee for Aeronautics 
to request an investigation and to furnish financial as- 
sistance to carry it out. The investigation was conducted 
at the National Bureau of Standards, The assistance of 
Mr. Starr Tr.uscott in planning the investigation is ac- 
knowledged, Credit for the solution of case 3, a piston 
of circular cross secticri in an elliptical cylinder, is 
duo to Dr. G-. H. Keulegan. 



THEORETICAL ANALYSIS 



The gonoral notation used in the analysis of the 
steady relative velocity of .tho piston and cylinder in 
torns of tho clearance and other design constants is as 
follows ; 

E one-half tho sun of the radii of cylinder and 
pi ston , ...... -. . ■ 

C radial clearance between piston and cylinder 
wall 

C Q baso clearance (fig. 1) , f 

L length of piston 

V velocity of cylinder relative to piston 
V 0 observed volocity 
V c calculated volocity 

v 1 volocity of fluid (relative to piston) at dis- 
tance x fron piston 

v average volocity of fluid (rolativo to piston) 

P difforonco in fluid prossuro on two sides of 
piston 

Wg force exorted on piston 

Q volune flovr per unit of circunf er once 

E total voluno flow 

\x coefficient of absolute viscosity 
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In the theoretical treatnent, it is assuned that the 
piston is held stationary and the cylinder is noving up. 
Thus, in figure 1 the velocity of the liquid is shown rel- 
ative to the piston. 

For steady notion 7 

= =Z = ±" (1) 
dx 2 ^ L 

^1 = A <x + B) (2) 
dx • 

v' = A ^ + Bx + (3) 

If v 1 = 0 when x = 0, D = 0 
and if 

v' = V when x = 0 

,2 



V = A + BC) (4) 

After substitution of this value in (3) 

T . .4|; + ^_ME (6) 

The volune flow per unit cir cunf er ence is 

C 



• J o 



v" dx C7) 
n° 

= / ^ x s dz + I xdx _ 4 Qxdx (8) 
J q 2 .. 0 2 

_ A Of. VC _ A Of. ( 9) 

"23" 2 ' 2 2 

= _ Ml + TO (10) 

12 2 
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and the average velocity across the clearance, 

T--V*| . (IX) 

Solutions for the three cases shown in figure 2 will 
be given. 

Case 1 : A circular piston travels coaxially in a cir- 
cular cylinder. 

Case 2 : A circular piston touches the wall of a cir«- 
cular cylinder, except for a thin film of liquid. 

Case 3 : A circular piston touches the wall of an ellip- 
tical cylinder at the point of--intorsection of the major 
axis, except for a thin film of liquid. 

For case 1, since the average velocity of the liquid 
in "the clearance times the aroa of tho clearance equals 
the velocity of the piston times tho cross-sectional area 
of the cylindor, 

V 3tt R 0 _ 20 ,-„v 
. 7 = tt R a ~ ~R U3) 

From equations (12) and (13) 

v , " p<?- 5 + m (14) 

6R p. L R 

where tho uniform value of the clearance is dosignatod 0. 

P = ; (15) 

TT R 

whoro Wg ' is the force oxertod on the piston and ttR 8 is 
tho area of tho piston. Substitute this value for P in 
equation. (14), 

3 
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For m.ost calculations the term m 2y De omitted 

and there is obtained as the final equation for case 1 

v. . ja_.{5.y (i 7 ) 

For case 2, where the piston touches one side of the 
cylinder wall, the notation is given in figure 1(h). The 
"base radial clearance 0 o is equal to the radius of the 

cylinder minus the radius of the piBton. If the clearance 
is .small in comparison to the cylinder radius, it can "ho 
shown that, approximately, 



C = C Q (1 + cos 0 (18) 

Irom equation (ll), neglecting the second term and 
remembering that C in this equation is the actual clear- 
ance , 

' - " IT" . • " (l9 > 

AC 3 s 
= - —~ (1 + cos fa (20) 

The volume flow past the piston 

«« 

P = / vCRd 0 (21) 



0 2TT 

ARC n 3 P 3 

--is 2 "./ <1 + 

o 



ARC „ s r 



os jS) (22) 



= ^— - y (1+3 cos f5 + 3 cos 2 jZS + cos 3 0)d0 (23) 



5tt ARC- . . . 

— °— (24) 

12 v ' 
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If equation (24) is divided by 2ttRC 0 to got the av- 
erage velocity, and for. A is- substituted the value given 
in equation (l) 

5AC_ S . 5PC. S 
v = ^--^ — S_ s (25) 

0 24 24nL ' 

The equation for case .2 follows from equation. (25) 
by treatment as in equation's. (13 ) to (17), 

SWg /C rt \ 3 
The equation for caso 3 is 

v . _!£_ /Sif ( 6 . ♦ 4S£ + 52ift (37) 

12tt|J,L VR J V 4C 1 40 1 S V 

In this equation, Cj. and. k have the valuos speci- 
fied in figure 2, 

Because of its limited application in practice , tho 
derivation of oquation (27) is not givon. Ono of tho cyl- 
inders used in the t"crsts was slightly olliptical in shape, 
and tho theoretical velocities calculated t>y tho,. qquati on 
for caso 3 showed much better agroomoht with obsorvod val- 
uos than tho theoretical velocities calculated by the 
equations for case 2» 

Tho equations for these throe caBOs have boon devel- 
oped on tho assumption that there is no turbulence. An 
ompirical equation for use in the turbulent range is given 
in tho latter part of this report. (See equation (29).) 

EXPERIMENTAL INVEST I GAT I OS 



■ The apparatus shown in figure 3 was used to dotormino 
experimentally tho relation between appliod forco and ve- 
locity of the pistons. A downward force was applied to 
the piston by hanging weights at W. Tho weight of the 
frame, in the liquid, was measured by a spring balance. 



Although a travel of 16 inches is possible, it was in 
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no case found advisable to time the piston for a distance 
greater than 6 inches. The center section of the cylinder 
was always timed. The piston was- allowed to come to a con 
stant speed bofore the timing interval started, so as to 
eliminate any inertia effects. Lower speeds wore timed "by 
a hand-operated stop watch; higher speeds were timed "by a 
contac't-oporatod oloctric clock.- 

In order to got consistent results the axos of tho 
cylinder and the piston wore kopt parallol "by adjusting 
tho top of tho cylinder, in two horizontal directions, by 
moans of screws provided for tho purpose. (See fig-. 3.) 
Tho cylinder position was adjusted to obtain maximum voloc 
ity of tho piston for a given load. It was found that ono 
quarter turn on ono of tho so screws made an appreciable 
difference in tho volocity, especially for tho longer" pis- 
tons. ■ 

CYLINDERS AND PISTONS 

Hard-drawn brass tubing, purchasod from the. Chase 
Brass and Copper Company and sele-ctod for uniformity of in 
side diameter, was used for cylinders-. Tubos of inside 
diameter 1^, 2, and 3 inches woro purchasod, but no expori 
ments were conductod on tho 3^inch tubes because of exces- 
sive variation in the inside diameter. 

Some of the pistons were constructed of cast iron and 
others of brass. The final finishing operation on the 
cast-iron pistons was performed on a cylindrical grinder. 
The nominal dimensions of the pistons and the radial clear 
ances are given in table I. 

MEASUREMENT OP CYLINDER AND PISTON DIAMETERS ■ 

A modification of the pneumatic method described- in 
reference 1 was used to measure the inside diameters of 
the tubes. Figure 4(a) shows schematically tho pneumatic 
head together with tho pressuro regulator P and a water 
manometer. The pressuro regulator serves to maintain a 
constant prossuro in chambor A. Tho volume of air passing 
from this chamber through the capillary restriction C is 
a function of tho clearance botwoon tho nozzle IT and the 
inside wall of tho tube. Therefore tho clearance is a 
function of tho reading of tho water nanometer. 



8 



1TACA Technical IToto Ho. 830 



A ring .micromotor was used as shown in figure 4(h) to 
calibrate this pnoumatic-tubo gage. A change in cloar- 
anco of 0.001 inch caused a change in. the differential 
prossuro across the capillary restriction of approximately 
5 inches of wator. 

This same tubo gago was used as shown in figure 4(c) 
to measure the diamotor of each piston, Tho cloaranco bo- 
twoon tho tube and tho piston is thon equal to the microm- 
otor reading corresponding to the tube diameter minus the 
micrometer reading on the piston, A direct and accurate 
measurement of the clearance is believed to have boon ob- 
tained by this method. 

Although the. diameter of each tube was measured along 
its entire longth and on each of six diamoters, those val- 
ues are not included in this report, bocauso only tho 6- 
inch center section was used in tho dashpot experiments. 
As shown in table I, the maximum variation in radial clear 
anco caused by variation in tube diametor was ±0.05 x 10" 

inch for tho 1.25-inch tubo and ±0.22 X 10~ 3 inch for 
tho 2.00-inch tube. This variation was causod almost en- 
tirely by tho ollipticity of tho cylinders; tho tapor was 
negligible in comparison. The clearance values of fcablo I 
are arithmetical averages. It was found that taking the 
average values of 0 3 gave velocities differing by not 
more than 2 percent from the velocities calculated on the 
basis of arithmetical averages. 

DAIIPI17G LIQUIDS 



Pour damping liquids were used. They were highly re- 
fined, water-white mineral oils known commercially as 
Vacuum oil, Bayol D , and two lots of Ilarcol. The kinomati 
viscosities of these liquids wore noasurod in tho viscosim 
eters described in reference 2. The donsities were deter- 
mined by tho picnomoter mothod. Tho absolute viscositios 
and the densities- at t cxiporatur os of 24° C ,'and 27° 0 are 
givon in tablo II. In tho experiments, ivhon the tompora- 
turo varied slightly from thoso tomporatur o s , viscositios 
and donsities for tho actual tonporatures wore linearly 
interpolated. 
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COAXIAL OR ECCE1TTRIC PISTON 



At tho start of the investigation it was assumed that 
the pistons would "be slightly stable in tho contcr of tho 
cylinder, making tho radial clearanco uniform all around 
tho circunf oronco , provided that the cylinder was" vertical 
and that all parts of tho apparatus wore properly alined. 
All the experimental data, howovor, indicatod that the 
pistons were traveling on tho sido of tho cylindor. Thoo- 
rotically, the piston volocity is 2.5 tinos greater in tho 
eccentric position than in the coaxial position. 

As an additional chock, in ordor to detor.nine whether 
tho piston was coaxial or eccentric , tho piston was adjust 
od for naxinua volocity near the top of tho cylinder and a 
horizontal sido pull of 8 pounds was applied to_ the piston 
rod. This side pull flcxod tho rod so that tho'pisTon - 
axis was no longer parallol to tho cylindor axis, and tho 
volocity decreased. Aftor ad justnont "bT^ho cylindor for 
parallolisn with the piston, tho rato was the sane as with 
out tho sido pull. This result indicates that the piston 
is normally eccentric in tho cylindor. Otherwise a change 
fron tho coaxial to the eccentric position, caused "by the 
side pull, would have increased tho volocity. 



The test results aro all plotted in figure 5. The 
ratio of tho observed volocity to tho calculated velocity 
(caso 2) .is plotted against tho logarithm of tho dimon- 
sionloss Reynolds number. Tho Roynolds number, dosignated 
IT to avoid confusion with radius R, is given by 



RESULTS OP TESTS 




v 0 



= 4R £ V 



where 




average radial cloarancp between piston 
and cylindor 



p density of liquid 

IJ. absolute viscosity of liquid 
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average calculated velocity of- liquid in 
clearance 



R 



one-half the sun of the radii of cylinder 
and piston-. 



V c piston velocity, calculated for case 2 



and 



V 



observed piston velocity 



o 



At law Reynolds nunbers, nost of tho obsorved veloci- 
ties agree fairly well with the eccentric-piston theory 
(case 2). The largest discrepancies are encountered in 
tho values for piston B, It appears here that tho ollipti 
cal shape of the cylinder should ho takon into considera- 
tion. For piston B , the average of tho factors obtained 
by dividing each obsorved velocity by tho corresponding 
velocity calculated by the equation for case 2 is 1.24, 
If the equation for case 3 is used in these calculations, 
this factor is reduced to 1.04. She effect of the elliprti 
cal cylinder will be nuch less' for any other cylinder and 
piston conbinatioli . 

The average of the individual curves of figure 5 is 
shown as a heavy dashed line. Several attenpts to ox- 
plain the rather large variations of tho individual curves 
fron tho average curve were nade without succoss. Sovoral 
of the tests giving curves of nost questionable shape 
(L1IT, K13 , and K233 ) woro repeated four tinos; each tino 
the tests gave practically tho sano result. Those pistons 
woro tested with sharp edgos and with edges rounded to a 
radius of 0,005 inch. Tho rosuits woro practically tho 
sane. Those rcpoat_tcsts also indicated that tho varia- 
tion was not duo t~o any chanco adjustnont or rolativo 
alinonont of cylindor and piston. 

The general oquation for jcalculating tho velocity of 
a piston, arrived at enpirically fron tho test rosuits, is 



V = 



127TM-L 



5Vg 




(29) 



whore tho Roynolds nunbor factor, 




is takon fron the hoavy dotted lino of figure 5. 
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According to equation (29), the force necessary to 
cause a given velocity varies directly as the length of 
the piston and inversely as : the cube of the radial clear- 
ance. The tests indicate that, except for errors of ob- 
servation, these relations hold for "both the laminar and 
the turbulent ranges, for any piston in the series tested. 
They would not hold for very thin pistons. In the ■ laninar 
range the force, for a given velocity, varies directly as 
the cube of the radius of the piston. In the turbulent 
range this relation is more conplicated. 



DISCUSSION 

The results presented in this report indicate that 
dashpots should "be designed: on the assumption that the 
piston will travel against the side wall of the cylinder 
rather than concentric with, the cylinder. 

In order, to attain consistent damping, the dashpot 
should be designed so that the axis of the piston will_ re- 
main parallel' to the axis of the cylinder. This require-"' 
nent can be attained by guiding a rigid piston rod™ or by 
the use of a double piston, as shown in figure 6. 

It is believed that the best method for positively 
eliminating variation of the coefficient of a dashpot with 
temperature is to hold the dashpot at a constant tempera- 
ture by means of a thermostatically controlled electrical 
heater . 

A temperature-compensated dashpot with an aluminum 
alloy or bronze piston and a cast-iron cylinder appears to 
be theoretically feasible. The design has the advantage 
of simplicity. The disadvantage lies in the difficulty of 
adjusting the coefficient after the dashpot has been con- 
structed. It will have been designed for a liquid of a 
specified viscosity and the substitution of a liquid of a 
different viscosity will upset the temperature compensa - 
tion. Likewise, the use of an adjustable bypass valve is 
not practicable because the temperature compensation 
would be effective for only one setting of the bypass 
valve. One rather awkward method of controlling the damp- 
ing coefficient would be to adjust the length of ono or 
more lover arms botweon the mechanism and the dashpot. 
for .sone applications this method might be warranted. 
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The dceignor should romomhor that tho porcontago 

chango in viscosity for- a given change in tomporaturo is 

usually less for low-vi sco sity liquids that for high- 
viscosity liquids. 



National Bureau of Standards, 

Washington, p. C . , August 15, 1941, 
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TABLE I 



Data on Pistons and Cloarancos 



Piston 


Ilatorial 

(0.1. , 
cast iron; 
B, trass) 


Nominal 
dianotor 
(in.) 


Longth 
(in. ) 


Radial clearance 
(in.) 


Averago 
value 


Uazinun 
variati on 


B-4 


C.I. 


2 


0.25 


2.08x10 3 


— 3 

±0.22x10 


B-8 


C.I. 


2 


.50 


2.04 


± .22 


B-16 


C.I. 


2 


1.00 


2.18 


± . 22 


C-4 


C.I. 


2 


.25 


5.09 


±.22 


0-8 


C.I. 


2 


.50 


5.09 


± .22 


C-16 


C.I. 


2 


1 .00 


5.16 


±.22 


K-l 


B 


1.25 


.054 


1.38 


± .05 


K-2 


B 


1.25 


.116 


1.38 


± .05 


E-4 


CI. 


1.25 


.25 


1.38 


±.05 


K-8 


C.I. 


1.25 


.50 


1.38 


±.05 


K-16 


C.I. 


1.25 


1.00 


1.38 


±.05 


L~l 


B 


1.25 


.057 


4.33 


±.05 


L-2 


B 


1.25 


.113 


4.33 


±.05 


L-4 


C.I. 


1.25 


.25 


4.33 


±.05 


L-8 


C.I. 


1.25 


.50 


4.33 


±.05 


L-16 


C.I. 


1.25 


1.00 


4.33 


±.05 



TABLE II 

VISCOSITIES AND DENSITIES 
OE FOUR DAMPING- LIQUIDS TESTED 



(Poises can Do converted to lb/sq. in. by multiplying "by 
5.6 X 10 -3 ; densities can be converted to lb/cu in. by 
multiplying by 0.03613) 



Damping liquid 


Viscosity (poise) 


Density (gram/cc) 




Designa- 










Trade 


tion 


at 


at 


at 


at 


nano 


in this 


24° 0 


27° C 


24° 0 


27° C 




paper 










Vacuum oil 


V 


0.00830 


0.00794 


0.773 


0.770 


Bayol D 


B 


.0174 


.0165 


.784 


,782 


Mar col 


M 


.245 


.215 


.847 


.841 


Mar col 


N 


.215 


.188 


,836 


.831 
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Fig. 




Figure 2.- Stunmaiy of derived equations for calculating the 
■velocity of pistons on the "basis of laminar flow. 
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(a) Pneuma+ic head. (b) Calibration of pneumatic head. (c> Measurement of piston diameter. 

Figure 4.- Pneumatic gage for measurement of pistons and cylinders. 
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The first letter of the curve de B ignation is the piston diameter: B and C, 2 inches; K «*^J^J 
toe first number, the length of the piston in sixteenths of an inch; the second letter, the liqoid, 
(see table II); the second number, the temperature in °C. 



Jlgure 5.» Batio of observed to calculated velocity to logarithm of the Heynolds number. 

(All logarithms are to the base 10.) 
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Figure 6.- Use of a double piston to assure 

parallelism of piBton and cylinder 



